Holocene development of subarctic permafrost peatlands in Finnmark, northern Norway by Kjellman, Sofia E. et al.
 
 
Kjellman, SE, Axelsson, PE, Etzelmüller, B, Westermann, S & Sannel, ABK, Holocene development of 
subarctic permafrost peatlands in Finnmark, northern Norway. The Holocene 28(12), pp 1855-1869. © The 




Holocene development of subarctic permafrost peatlands in 
Finnmark, northern Norway 
Sofia E Kjellman1,2, Pia E Axelsson1, Bernd Etzelmüller3, Sebastian Westermann3 and A 
Britta K Sannel1,4 
1 Department of Physical Geography, Stockholm University, 106 91 Stockholm, Sweden 
2 Department of Geosciences, UiT The Arctic University of Norway, 9037 Tromsø, Norway 
3 Department of Geosciences, University of Oslo, P.O. Box 1047, 0316 Oslo, Norway  
4 Bolin Centre for Climate Research, Stockholm University, 106 91 Stockholm, Sweden  
 
Corresponding author: Britta Sannel, Department of Physical Geography, Stockholm 
University, 106 91 Stockholm, Sweden. Email: britta.sannel@natgeo.su.se 
Abstract 
Subarctic permafrost peatlands are important soil organic carbon pools, and improved 
knowledge about peat properties and peatland sensitivity to past climate change is essential 
when predicting future response to a warmer climate and associated feedback mechanisms. In 
this study, Holocene peatland development and permafrost dynamics of four subarctic peat 
plateaus in Finnmark, northern Norway have been investigated through detailed analyses of 
plant macrofossils and geochemical properties. Peatland inception occurred around 9800 cal. 
yr BP and 9200 cal. yr BP at the two continental sites Suossjavri and Iskoras. Younger basal 
peat ages were found at the two coastal locations Lakselv and Karlebotn, at least partly caused 
by the time lag between deglaciation and emergence of land by isostatic uplift. Here peatland 
development started around 6150 cal. yr BP and 5150 cal. yr BP respectively. All four peatlands 
developed as wet fens throughout most of the Holocene. Permafrost aggradation, causing frost 
heave and a shift in the vegetation assemblage from wet fen to dry bog species, probably did 
not occur until during the last millennium, ca. 950 cal. yr BP in Karlebotn and ca. 800 cal. yr 
BP in Iskoras, and before ca. 150 cal. yr BP in Lakselv and ca. 100 cal. yr BP in Suossjavri. In 
Karlebotn there are indications of a possible earlier permafrost phase around 2200 cal. yr BP 
due to climatic cooling at the late Subboreal to early Subatlantic transition.  The mean long-
term Holocene carbon accumulation rate at all four sites was 12.3±4.1 gC m–2 yr–1 (±SD) and 
the mean soil organic carbon storage was 97±46 kgC m–2. 
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Introduction 
Permafrost peatlands are key components in the global carbon budget due to their high soil 
organic carbon storage capacity (Gorham, 1991; Hugelius et al., 2014; Korhola et al., 2010; 
Loisel et al., 2014; MacDonald et al., 2006; Yu et al., 2010). They cover extensive areas in 
subarctic locations in Canada, European Russia, Siberia and northern Fennoscandia, storing 
approximately 300 Pg C (Hugelius et al., 2014; Schuur et al., 2008; Tarnocai et al., 2009). 
Permafrost peatlands are mainly found in the discontinuous and sporadic permafrost zones, 
making them particularly sensitive to changing climatic conditions, and good indicators of 
climate change (Fronzek et al., 2006; Luoto et al., 2004; Nelson et al., 2001; Seppälä, 1988; 
Sollid and Sørbel, 1998). In Fennoscandia, boreal and subarctic peatlands cover an area of 200 
000 km2, which is equivalent to approximately one-quarter of the land surface (Parviainen and 
Luoto, 2007). Palsas and peat plateaus are permafrost features found in subarctic peatlands. In 
Fennoscandia, these landforms are mainly found north of around 67ºN (Gisnås et al., 2017; 
Parviainen and Luoto, 2007), even if some palsa areas occur at ~1000 m a.s.l. in the mountains 
of southern Norway (Sollid and Sørbel, 1998). 
In northern Fennoscandia, peatlands began to develop after the last deglaciation, and 
initiation started around 10 000–8000 cal. yr BP (e.g. Ruppel et al., 2013; Weckström et al., 
2010). Peatlands formed through three different processes; terrestrialization with infilling of 
open water bodies by organic material, paludification when waterlogging caused peat 
accumulation upon previously dry vegetated soil, or primary peatland formation with peat 
accumulating directly upon moist mineral soil exposed after deglaciation or emerging by 
postglacial uplift (Ruppel et al., 2013). Weckström et al. (2010) notice a bimodal distribution 
of basal peat layers, which can be correlated to climatic events. The first period of peatland 
expansion occurred during the warm and moist early Holocene (10 000–8000 cal. yr BP). Drier 
and even warmer climate during the Holocene Thermal Maximum (HTM; 8000–4000 cal. yr 
BP) hampered peatland growth, whereas cool and moist late Holocene conditions (4000–3000 
cal. yr BP) resulted in extensive peatland expansion again. A similar timing is reported by 
Korhola et al. (2010) and Ruppel et al. (2013).  
In subarctic peatlands, Neoglacial cooling resulted in permafrost aggradation and 
development of palsas and peat plateaus (Kuhry and Turunen, 2006). The oldest preserved 
palsas in northern Fennoscandia are suggested to date back to ca. 2500 cal. yr BP (Oksanen, 
2006). Kokfelt et al. (2010) propose that permafrost aggraded ca. 2600 cal. yr BP, and thawed 
around ca. 2100 cal. yr BP. Both these recordings could be connected to climatic cooling at the 
late Subboreal to early Subatlantic (3400–1800 cal. yr BP) transition (e.g. Åhman, 1977; 
Oksanen et al., 2003). However, most palsas and peat plateaus appear to be less than 1000 years 
old (Kokfelt et al., 2010; Oksanen, 2006; Sannel et al., 2017; Seppälä, 2005; Zuidhoff and 
Kolstrup, 2000), formed as a result of cooling from ca. 850 cal. yr BP at the onset of the Little 
Ice Age (LIA) (Grudd et al., 2002).  
In recent decades, permafrost degradation has been observed in Fennoscandian palsas and 
peat plateaus (Borge et al., 2017; Hofgaard and Myklebost, 2012, 2014; Johansson et al., 2011; 
Sannel and Kuhry, 2011; Sollid and Sørbel, 1998; Zuidhoff and Kolstrup, 2000). In a future 
warmer climate, as predicted by e.g. Collins et al. (2013), permafrost peatlands can contribute 
to greenhouse gas emission through permafrost thaw. As long as the ground temperature is 
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below 0°C, organic matter is preserved from decay, but deepening of the active layer, ground 
subsidence and increased decomposition rates could result in release of carbon dioxide (CO2) 
and methane (CH4). Permafrost peatlands are therefore important for the global carbon-climate 
feedback (Schaefer et al., 2014; Schuur et al., 2008).  
Peatlands are used as Holocene archives because of their sensitivity to climatic variations 
and because they provide a range of physical, chemical and biological proxies. The timing of 
permafrost aggradation has been established in northern Sweden (e.g. Kokfelt et al., 2010; 
Sannel et al., 2017; Zuidhoff and Kolstrup, 2000) and Finland (Oksanen, 2006; Seppälä, 2005), 
but there are relatively few detailed studies of long-term permafrost peatland dynamics in 
northern Norway (Vorren, 1972, 1979; Åhman, 1977).  
Dating the timing of permafrost aggradation is challenging since there are no good 
permafrost-specific plant indicator species (Oksanen and Väliranta, 2006; Sannel and Kuhry, 
2008). One way to establish the timing is by radiocarbon dating of the transition in the plant 
macrofossil record from wet-growing fen vegetation, such as brown mosses (e.g. 
Amblystegiaceae, Calliergonaceae) and sedges (Cyperaceae) into dry-growing bog vegetation 
dominated by ericaceous shrubs and Betula nana (Oksanen, 2006; Oksanen et al., 2001; Sannel 
and Kuhry, 2008; Sannel et al., 2017; Seppälä, 2005). Also changes in the carbon-to-nitrogen 
(C/N) ratio, nitrogen content and isotopic composition are suggested to be useful indications of 
permafrost occurrence. When palsas or peat plateaus are uplifted, peat is perturbed and the 
hydrological conditions altered. Aeration causes changed microbial processes and accelerated 
mineralisation, resulting in changes in the geochemical signals (Krüger et al., 2017; Sannel and 
Kuhry, 2009; Treat et al., 2016; Vardy et al., 2000).  
The aim of this study is to increase our knowledge of Holocene peatland development and 
permafrost history in subarctic peatlands in Finnmark, northern Norway, where permafrost 
peatlands are most abundant in northern Fennoscandia. Plant macrofossil analyses of peat 
profiles provide an opportunity to infer and date palaeoenvironmental and hydrological changes 
since peatland initiation. This paper presents detailed palaeoecological and geochemical data, 
age-depth models and long-term carbon accumulation rates from four permafrost peatlands. A 
better understanding of peat properties and carbon dynamics in subarctic peatlands is key to 
predicting responses of soil organic carbon stocks to a future warmer climate.  
Study area 
Finnmark is located in northern Norway, in the northernmost part of continental Europe and 
north of the Arctic Circle (Fig. 1). The interior parts consist of the Finnmarksvidda plateau 
(>10000 km2; 300–500 m a.s.l.), while the topography in the northwest is more alpine and 
influenced by local glaciations. The bedrock of the inner part of Finnmark is dominated by 
Precambrian rocks, covered by till and glacio-fluvial sediments deposited during the 
Pleistocene glaciations. Depressions between moraine or bedrock ridges are often occupied by 
mires (Borge et al., 2017). The studied peatlands on Finnmarksvidda are developed over fine-
grained glacio-fluvial and glacio-lacustrine deposits in depressions, which are surrounded by 
rock outcrops and basal till in varying thickness (NGU, 2018). Peat plateaus close to sea level 
are normally developed on fine-grained (silt-rich) glacio-marine fillings or deltaic deposits 
developed closer to the ice-margin during deglaciation (NGU, 2018). 
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[Insert Fig. 1] 
 
The mean annual air temperature (MAAT) is higher at the coast compared to the inner parts 
of Finnmark (Table 1), due to influence by the North Atlantic Drift. The coast experiences mild 
and snow-rich winters and cool and rainy summers, with a MAAT (1961–1990) mostly above 
0°C (Aune, 1993). The inner parts of Finnmark are characterized by a more continental climate. 
Winters tend to be cold (around –15°C) and summers cool (around 10°C) and the mean annual 
air temperature (MAAT, 1961–1990) is between –2°C and –4°C (Aune, 1993). Annual 
precipitation as well as maximum snow depth during winter decreases with distance from the 
coast. Mean annual precipitation (MAP, 1961–1990) is above 1000 mm at the outermost coast, 
but less than 400 mm at the Finnmarksvidda plateau (seNorge.no, 2016), and mean annual snow 
depth (MASD, 1971–2000) more than 200 cm at the outer coast and mostly below 50 cm at the 
plateau (seNorge.no, 2016). The mean annual ground temperature (MAGT) in northern 
Fennoscandian palsas and peat plateaus is often close to 0°C (Christiansen et al., 2010), and the 
active layer depth at the investigated sites in this study is around 50–70 cm.  
 
Table 1.  Mean annual air temperature (MAAT) and mean annual precipitation (MAP) for the 
four study sites during the period 1961–1990. Data are based on the eKlima dataset provided 
by Meteorologisk institutt (MET, 2017), and MAAT is calculated using the closest 
meteorological stations (Fig. 1), corrected for altitude using a standard lapse rate of –
0.65°C/100 m.  
 
Most of Finnmark is covered by mountain birch (Betula pubescens ssp. czerepanovii) forest or 
tundra vegetation (e.g. B. nana and Empetrum nigrum ssp. hermaphroditum) (Virtanen et al., 
2016). The forest limit ranges between 400–500 m a.s.l. (Meier et al., 2005).  
Approximately one fifth of the land surface is underlain by permafrost (Farbrot et al., 2013; 
Gisnås et al., 2017). Discontinuous mountain permafrost occurs above ~500 m a.s.l. in the 
continental parts of Finnmark (Farbrot et al., 2013), whereas sporadic permafrost can be present 
in peatlands almost down to sea level. Finnmark is the core area of the distribution of palsa 
mires in Norway, with about 110 km2 covered by palsas and peat plateaus (Borge et al., 2017).  
Peat profiles were collected from four peat plateaus within the study area (Fig. 1; 
Supplementary Information, available online). Two of the profiles were collected at inland sites 
at the Finnmarksvidda plateau; Suossjavri (69º23’2”N, 24º15’27”E; 337 m a.s.l.) and Iskoras 
(69º20’27”N, 25º17’40”E; 381 m a.s.l.). This area was deglaciated approximately 10 900–10 
800 cal. yr BP (Stroeven et al., 2016) and the investigated peatlands are situated above the 
Study site Setting 






Suossjavri Continental 337 –2.6 388 
Iskoras  Continental  381 –2.9 366 
Karlebotn  Coastal 26 –0.2 410 
Lakselv  Coastal  50 +0.3 345 
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marine limit. In Suossjavri, the peatland is characterized by large, extensive peat plateaus. The 
complex in Iskoras is small, consisting of disintegrated peat plateaus separated and surrounded 
by large fens areas.  
The other two profiles were sampled in coastal settings; Karlebotn (70º7’14”N, 
28º28’30”E; 26 m a.s.l.) and Lakselv (70º7’15”N, 24º59’47”E; 50 m a.s.l.). Both these sites are 
located below the local marine limit. Karlebotn was deglaciated ca. 14 200 ± 500 cal. yr BP 
(Sollid et al., 1973; Stokes et al., 2014) and land emergence is suggested to have taken place 
around 6500 cal. yr BP (cf. Corner et al., 1999). Permafrost peatlands are abundant in the 
Karlebotn region, consisting of extensive peat plateaus and fragmented remains of these as well 
as pronounced palsas. In Lakselv, deglaciation occurred somewhat later, ca. 11 200 ± 500 cal. 
yr BP (Stokes et al., 2014), and land emergence took place around 9700 cal. yr BP. (cf. Corner 
et al., 1999). The permafrost peatlands are smaller and shallower, located in depressions 
between bare bedrock. 
The vegetation on all four studied peat plateaus consists of dwarf shrubs (e.g. E. nigrum 
ssp. hermaphroditum, Rhododendron tomentosum, Vaccinium uliginosum, V. vitis-idaea, B. 
nana and Andromeda polifolia), mosses (e.g. Polytrichum commune), lichen (Cladonia spp.) 
and Rubus chamaemorus. In depressions and surrounding wet fen areas, sedges (e.g. Carex 
spp.), cotton grass (Eriophorum spp.) and various Sphagnum species are common. 
Materials and methods 
Field sampling 
The peat profiles were collected in September 2016. The active layer was sampled using a saw, 
and profiles (12x12 cm wide and 55–64 cm deep) were cut out. These blocks were later 
subdivided into 2.5-cm-thick slices in the laboratory. For sampling the frozen peat, a steel pipe 
(outer diameter 38 mm, inner diameter 30 mm; 1.2-, 2.4- or 3.1-m-long) was hammered down 
in 10 cm intervals before it was pulled up again, preventing the pipe from freezing to the 
substrate. The samples were gently pressed out of the pipe using a steel rod. This procedure 
continued, using the same coring hole, until the minerogenic contact was reached, and 
additionally 10–20 cm down in the mineral soil. The peat depth was 229 cm in Suossjavri, 155 
cm in Iskoras, 104 cm in Karlebotn and 84 cm in Lakselv. Each sample was subsampled into 
sections representing 2.5 cm depth, and transferred into ziploc bags. After transportation back 
to the laboratory at Stockholm University, all samples were stored in a freezer until analysis.  
AMS radiocarbon dating and age-depth models 
Five to seven radiocarbon dates for each profile were obtained using accelerator mass 
spectrometry (AMS) radiocarbon dating. Basal peat horizons were used to infer peatland 
inception ages, and depths for dating permafrost aggradation were chosen based on changes in 
peat characteristics from fen peat to xerophilic peat. The rest of the dated samples were evenly 
distributed throughout the profiles. When possible, terrestrial plant macrofossils (e.g. B. nana 
leaves or E. nigrum seeds) were handpicked to avoid potential reservoir effects (e.g. Blaauw et 
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al., 2004). From highly decomposed fen peat samples where it was difficult to pick out any 
plant macrofossils, bulk peat was submitted. According to Holmquist et al. (2016) there is no 
statistically significant difference between dated bulk peat and plant macrofossil samples from 
circumarctic peatlands. Because of problems with reversed ages in the lower part of two 
profiles, additional bulk peat samples were dated from Karlebotn and Lakselv. Radiocarbon 
ages were calibrated using OxCal v4.2.4 (Bronk Ramsey, 2009, 2013) and the IntCal13 dataset 
(Reimer et al., 2013). Age-depth relationships were established with ‘Bacon’ (v. 2.3.3) (Blaauw 
& Christen, 2011) within the open-source statistical environment ‘R’ (v. 3.4.3) (R Core Team, 
2017), using IntCal13 and run with the provided settings. Calibrated ages are presented in cal. 
yr BP, i.e. before AD 1950, and the age of the surface peat set to the year of core collection (–
66 cal. yr BP for 2016). 
Plant macrofossil analysis 
Detailed plant macrofossil analysis was performed to investigate the botanical composition of 
the peat profiles. Methods for preparation and analysis followed Mauquoy and van Geel (2007). 
Samples (4–5 cm3) were collected every 5 cm throughout the cores, each representing a 2.5-cm 
interval. Coverage of roots, epidermis, peridermis, mosses and wood was estimated as volume 
percentage of the total sample. For seeds and leaves the numbers were counted and recalculated 
to represent a fixed volume of 5 cm3. In order to identify the transition from fen peat to 
xerophilic peat with high precision for radiocarbon dating, every sample around that depth was 
analysed, subdivided into 1.25 cm intervals when required.  
Identification of Sphagnum species followed Laine et al. (2011), while identification of 
Amblystegiaceae, Calliergonaceae and other mosses was based on Nyholm (1975a, 1975b), 
Landwehr (1984), Hedenäs (2003), Hallingbäck et al. (2008a, 2008b) and Hedenäs et al. (2014), 
using the most recent publications for nomenclature. Seed and leaf identification was based on 
Birks (2007), Mauquoy and van Geel (2007) and Cappers et al. (2012). Mossberg and Stenberg 
(1992) was used for ecology and geographic distribution, as well as nomenclature of vascular 
plants. Degree of decomposition was estimated qualitatively on a scale of 1–5, where 1 is almost 
intact and 5 is highly degraded and hardly identifiable macrofossils. Stratigraphic plant 
macrofossil diagrams were plotted using C2, version 1.7.2 (Juggins, 2011). Each profile was 
subdivided into stratigraphic zones based on significant compositional changes. This zonation 
was a generalization, made visually in order to identify major developmental stages, such as 
the minerogenic phase, fen and peat bog conditions. 
Geochemical analyses and carbon accumulation 
Samples (4–5 cm3) for analyses of bulk density and organic matter were collected for the same 
depths and using the same method as for the plant macrofossil analysis. All samples were dried 
at 95ºC for 24 h and weighed to calculate water content and bulk density. Loss on ignition was 
performed at 550ºC for 2 h to document changes in organic matter (OM) content, and at 950ºC 
for 2 h to quantify the inorganic carbon content. The inorganic carbon content was negligible 
and not considered in further analyses. 
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To determine the elemental and isotopic organic carbon and nitrogen composition, 0.5 cm3 
cubes of peat were sampled at 10-cm intervals. The samples were dried at 65°C for 48 hours 
and homogenized in an agate mortar. 1–3 mg per sample were analysed for carbon and nitrogen 
content and isotopic composition using an EA 1110 elemental analyzer coupled to a Finnigan 
MAT DeltaPlus isotope ratio mass spectrometer. An in-house made laboratory standard 
calibrated against international standards from IAEA (isotopes) or atropine (elemental) was 
used. Isotopic nitrogen and C/N values were further used to identify peat perturbation, since 
aeration during peat plateaus uplift results in loss of isotopically light forms of nitrogen, causing 
increased δ15N values (Krüger et al., 2017). Theoretical δ15N values for unperturbed peat were 





N [‰] = 
46.16
√C/N
 – 8.76                                                                                                     Equation 1 
 
This correlation was developed for oxic soils, but is suggested to be applicable also to 
subarctic peatlands (Krüger et al., 2017). Samples deviating more than ±2.4 ‰ (94% of the 
unperturbed samples in Conen et al. (2013)) from the calculated values were defined as 
perturbed.  
Peat accumulation rates were calculated using the age-depth models derived by ’Bacon’. 
For Suossjavri, linear interpolation was used between the three lowermost dated samples since 
the modelled ages were unrealistic. The long-term apparent carbon accumulation rates (Tolonen 
and Turunen, 1996) were calculated according to the equation: 
 
AX = r × ρ × X        Equation 2 
 
Where r is the peat accumulation rate (mm yr–1), ρ is the bulk density (g cm–3) and X is the 
C content in relative proportion (0–1) to the bulk density dry mass. Results are expressed in gC 
m–2 yr–1. 
Results and interpretation 
AMS radiocarbon dating and age-depth models 
Radiocarbon ages, calibrated age intervals and calibrated mean ages for all four peat profiles 
are presented in Table 2. Ages of the lowermost samples are assumed to represent peatland 
initiation and the youngest date in each profile, corresponding to the shift in vegetation 
assemblages, suggests permafrost aggradation. The two deepest peat deposits were found at the 
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According to the age-depth model, the lowermost radiocarbon dated sample from Suossjavri 
(ca. 9800 cal. yr BP) could be considered an outlier. However, the modelled age (ca. 11 600 
cal. yr BP) is too old in relation to deglaciation of the area (10 900–10 800 cal. yr BP), and 
therefore not realistic. For the two coastal sites, the peat depth was shallower, with basal peat 
dated to around 6150 and 5150 cal. yr BP. Permafrost aggradation was dated to between ca. 
950–100 cal. yr BP. 
 
 
Table 2. AMS radiocarbon dates from the four peat profiles. Calibrated ages are mean ages 




Lab no.a 14C-age  
(yr BP) 
95.4% probability ranges  
(cal. yr BP) 
Calibrated age 
(cal. yr BP) 
Dated 
materialb 
Suossjavri      
7.5–10    Ua-55083     66 ± 28 254–225, 137–114, 105–99, 74–32     91 BL 
20–22.5    Ua-56001 2610 ± 49 2847–2696, 2635–2615, 2592–2503 2721 WD 
55–57,5 VERA-51807 5958 ± 72 6982–6637 6798 BL 
90–92,5 VERA-51808 7194 ± 73 8175–7926, 7897–7870 8028 B 
167,5–170 VERA-51809 8519 ± 79 9680–9400, 9355–9320 9509 B 
225–227,5 VERA-51810 8746 ± 84 10147–10059, 10041–10022, 10015–9989, 9954–9543 9787 B 
      
Iskoras       
10–12.5    Ua-55078   884 ± 29 908–845, 833–731   810 BL 
32.5–35 VERA-51814 3172 ± 68 3561–3231 3390 WD 
72.5–75 VERA-51815 3803 ± 81 4421–3976 4200 MS 
102.5–105 VERA-51816 6900 ± 86 7830–7892, 7876–7591 7749 B* 
152.5–155 VERA-51817 8203 ± 87 9425–8999 9183 B 
      
Karlebotn      
5–6.25    Ua-55559 1042 ± 24 1043–1036, 983–923   952 S, ES  
22.5–25    Ua-55079 2161 ± 30 2307–2228, 2208–2059 2192 S  
52.5–55 VERA-51818 3515 ± 83 4066–4047, 3988–3580 3797 BL 
72.5–75 VERA-51819 5671 ± 87 6654–6301 6472 BL 
72.5–75    Ua-55560 3849 ± 27 4407–4365, 4360–4217, 4209–4155 4272 B 
97.5–100    Ua-55080 4502 ± 33 5300–5044 5165 BL, BS, ES 
102.5–105 VERA-51820 3743 ± 92 4409–3884 4116 JS, US, EQ 
      
Lakselv      
7.5–10    Ua-55081   131 ± 30 276–172, 152–57, 45–8   141 WD 
17.5–20    Ua-55999 2002 ± 31 2037–2025, 2005–1880 1951 S 
32.5–35    Ua-56000 3483 ± 29 3836–3690, 3660–3649 3759 B 
37.5–40 VERA-51811 5146 ± 70 6175–6153, 6115–6078, 6064–6048, 6065–5719 5888 WD 
57.5–60 VERA-51812 4988 ± 67 5894–5604 5742 B 
82.5–85 VERA-51813 5364 ± 88 6301–5940 6137 B 
a Ua = Tandem Laboratory, Uppsala University, Sweden; VERA = VERA Laboratory, University of Vienna, Austria. 
b B = bulk fen peat; B* = bulk fen peat, >80% Sphagnum; BL = Betula nana leaves; BS = Betula nana seed; MS = Menyanthes 
trifoliata seeds; ES = Empetrum nigrum seed; EQ = Equisetum sp.; JS = Juncaceae seeds; S = Sphagnum; US = unidentified seeds, 
WD = wood.  
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Plant macrofossil analysis 
The plant macrofossil assemblages suggested similar peatland successions at all four 
investigated sites. The lower parts of the profiles were characterized by sedge and brown moss-
dominated fen peat, whereas the top parts consisted of Sphagnum and shrub rootlet peat. Each 
profile is subdivided into three stratigraphic zones, where zone 0 is the minerogenic phase, zone 
I represents a minerotrophic fen environment and zone II ombrotrophic peat bog conditions. 
For detailed plant macrofossil information of the individual peat profiles, see the diagrams in 
Figure 3 and the Supplementary information. 
 
[Insert Fig. 3]  
 
Zone 0: Minerogenic soil stage 
The lowermost, minerogenic part of all profiles consisted of fine-grained material (sand in 
Iskoras and Lakselv, silt in Karlebotn and Suossjavri), with low percentage (<6%) of organic 
material. Some remains of Cyperaceae and Equisetum sp. roots were present, probably 
penetrating down from higher levels, along with a few mosses (Sarmentypnum exannulatum 
and Sphagnum squarrosum) and seeds (e.g. Juncaceae spp. and Carex spp.). The contact 
between minerogenic soil and overlying peat was found at 2.3 and 1.6 m depth at the continental 
sites (Suossjavri and Iskoras; dated to ca. 9800 and 9200 cal. yr BP) and at 1.0 and 0.8 m depth 
at the coastal sites (Karlebotn and Lakselv; dated to ca. 5150 and 6150 cal. yr BP).  
 
Zone I: Fen stage 
During peatland initiation, fen environments developed at all studied peatlands. At two of the 
sites, Iskoras and Lakselv, minerotrophic Sphagnum species (e.g. S. lindbergii, S. squarrosum 
and S. teres) dominated the moss flora at an early stage. In Suossjavri, Sphagnum spp. were 
accompanied by various brown mosses growing in very wet fen environments (e.g. Scorpidium 
scorpioides, Sarmentypnum exannulatum and Calliergon giganteum), whereas in Karlebotn, 
mosses did not appear until around 4600 cal. yr BP. For most of the zone, brown mosses and 
Cyperaceae were dominating the vegetation. The brown moss assemblages varied slightly from 
site to site and the composition changed through time, suggesting somewhat different 
hydrological and nutrient conditions, however all indicating wet and rich to intermediate fen 
conditions. Generally, the initial fen stage appeared rich in nutrients, as indicated by 
Pseudobryum cinclidioides, Tomentypnum nitens, S. teres and S. warnstorfii. Later on, species 
indicative of lower nutrient levels, such as Drepanocladus trifarius, Loeskypnum badium and 
S. lindbergii were more common. Sarmentypnum exannulatum occurred throughout zone I, 
often co-existing with Paludella squarrosa, S. sarmentosum, Scorpidium scorpioides or various 
Sphagnum species. At all sites, Cyperaceae were common throughout the zone, in the beginning 
accompanied by Equisetum sp. The frequent occurrence of seeds of Potentilla palustris, 
Menyanthes trifoliata and Carex spp. also indicated a wet fen environment.  
Since the plant macrofossil assemblages at the sampling sites were dominated by wet-
growing brown mosses and Cyperaceae throughout zone I, sporadically occurring remains of 
wood, peridermis and leaf fragments (ericaceous shrubs and B. nana) suggesting drier surface 
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conditions, were interpreted to represent vegetation growing on nearby hummocks. At all sites, 
the uppermost part of zone I was characterized by a high degree of decomposition, suggested 
to indicate aerobic decay due to exposure above the water table caused by frost heave. In Iskoras 
and Karlebotn, fungal sclerotia appeared, which are also indicative of drier conditions and 
interpreted to be a result of post-depositional processes. In Karlebotn, the hummock-growing 
S. fuscum dominated the last 2200 years. When S. fuscum first appeared, Cyperaceae decreased, 
possibly representing a vegetation shift caused by frost heave, indicating an early permafrost 
phase. Sedges became abundant again around 1500 cal. yr BP, suggesting permafrost-free 
conditions at this time. After ca. 1000 cal. yr BP Cyperaceae disappeared.  
 
Zone II: Peat plateau stage 
This zone was characterized by a transition from wet-growing fen vegetation to plant remains 
indicative of a drier surface environment, such as dark roots, peridermis and leaves of 
ericaceous shrubs and B. nana. Cyperaceae and brown mosses were mostly absent. In Karlebotn 
and Suossjavri, Dicranum sp. (generally growing under drier conditions) occurred, in Karlebotn 
together with S. fuscum. These observations pointed towards dry, ombrotrophic conditions, and 
vegetation similar to the modern peat plateau surfaces suggested permafrost occurrence. This 
transition occurred ca. 950 cal. yr BP in Karlebotn, 800 cal. yr BP in Iskoras, 150 cal. yr BP in 
Lakselv and 100 cal. yr BP in Suossjavri. 
Geochemical analyses and carbon accumulation 
The mean peat dry bulk density at the four sites varied between 0.08–0.28 g cm–3, with a mean 
bulk density of 0.17±0.06 g cm–3 (±SD) (Fig. 4). Lower values below the permafrost table could 
be explained by high ice content, and in the uppermost part of the profiles by a higher porosity 
in the dry surface peat. Also, Sphagnum and woody peat generally have lower bulk densities 
compared to herbaceous or brown moss peat (Loisel et al., 2014). 
The organic matter content was on average 88±13% for all four peat profiles (39–99%). At 
three of the sites; Suossjavri, Iskoras and Karlebotn, the organic matter content was generally 
>88%. In Lakselv, the peat organic matter content was lower, averaging 70±14%, probably due 
to a higher proportion of minerogenic material. The mean carbon content at all four sites was 
47.0±7.5% (22.2–56.7%), and the mean nitrogen content 1.9±0.5% (0.7–3.0%). Changes in 
carbon could be correlated to changes in organic matter content, whereas changes in nitrogen 
content could reflect changes in plant community or degree of decomposition. In Suossjavri, 
Karlebotn and Lakselv, the nitrogen content decreased in the uppermost peat. 
The mean C/N ratio was 27.0±8.3 (15.3–53.9). In Suossjavri and Karlebotn, changes in the 
C/N ratios could be explained by changes in nitrogen content, since the carbon content remained 
relatively stable. In Suossjavri, Karlebotn and Lakselv, the C/N ratio increased in the permafrost 
peat bog from around 1000 cal. yr BP. 
The mean isotopic carbon (δ13C) value was –27.4±0.9‰ (between –29.9 and –25.4‰), and 
the mean isotopic nitrogen (δ15N) value 0.0±1.5‰ (between –2.6 and 5.4‰) for all four sites. 
Higher δ13C and δ15N values in the uppermost part of the Suossjavri and Iskoras profiles 
coincided with the transition to drier conditions during permafrost aggradation. In Iskoras, 
Karlebotn, Lakselv and possibly Suossjavri, the uppermost peat samples were perturbed 
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according to the relationship between δ15N and C/N ratio (Conen et al., 2013). Samples above 
the uncertainty envelope (dashed line in Fig. 5) indicate losses of isotopically light nitrogen, 
connected to increased decomposition rates during aeration due to frost heave (Krüger et al., 
2017). In Iskoras, also a few samples further down in the peat sequence were perturbed, 
possibly reflecting changes in the botanical composition, degree of decomposition or mineral 
influence affecting the nitrogen content. The lowermost samples could also be perturbed, due 
to mineral influence. 
The mean long-term apparent carbon accumulation rate was 12.3±4.1 gC m–2 y–1. The 
highest carbon accumulation rate (17.3 gC m–2 y–1) was recorded in Suossjavri and the lowest 
value (7.4 gC m–2 y–1) in Lakselv (Table 3). The soil organic carbon storage was on average 
97±46 kgC m–2, with lower values (<100 kgC m–2) at the two younger and shallower peat 
deposits in Karlebotn and Lakselv, and higher carbon storage (>100 kgC m–2) in the older and 
deeper peatlands in Suossjavri and Iskoras (Table 3). 
 
[Insert Fig. 4] 
[Insert Fig. 5] 
Table 3.  Soil organic carbon storage and long-term net carbon accumulation rates at the 
peatland sites, calculated using the mean ages within the 95.4% confidence intervals. 
Discussion 
Peatland inception 
Extensive peatland initiation started in northern Fennoscandia soon after the last deglaciation, 
around 10 000–8000 cal. yr BP (e.g. Korhola et al., 2010; Oksanen, 2006; Ruppel et al., 2013; 
Sannel et al., 2017; Weckström et al., 2010). The timing of peatland inception in Finnmark 
depended on factors such as local deglaciation pattern, elevation, topography and distance to 
the ocean. The coastal parts of Finnmark became ice-free around 14 200–11 200 cal. yr BP 
(Stokes et al., 2014), and the more continental parts ca. 10 900–10 800 cal. yr BP (Stroeven et 
al., 2016). However, coastal areas remained below sea level after deglaciation (Supplementary 
Information), until ca. 9700 cal. yr BP in Lakselv and ca. 6500 cal. yr BP in Karlebotn (cf. 
Corner et al., 1999). Our study shows that peatlands started to form at the Finnmarksvidda 
plateau (~340–380 m a.s.l.) around 9800 cal. yr BP in Suossjavri, and approximately 600 years 
later in Iskoras. Further north, closer to the sea and at lower altitude (~30–50 m a.s.l.) peatland 
Study site Peat depth  
(cm) 
Soil organic carbon storage  
(kgC m–2) 
Net carbon accumulation  
(gC m–2 yr–1) 
Suossjavri 229 155.8  17.3  
Iskoras  155 113.3   12.2 
Karlebotn  104   64.4 12.3 
Lakselv  84   56.4   7.4 
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inception did not start until later, around 6150 cal. yr BP in Lakselv and ca. 5150 cal. yr BP in 
Karlebotn. The peatland inception ages for at least two of the sites (Suossjavri and Iskoras) 
could be correlated to the first period of accelerated peatland initiation in northern Europe, 
described by Weckström et al. (2010) and Ruppel et al. (2013), falling within the 10 000–8000 
cal. yr BP time window. 
At our four study sites the early peatland stages were characterized by plant macrofossils 
typically found in wet fen environments, such as Equisetum sp., Carex spp. and minerotrophic 
mosses (e.g. P. cinclioides, S. scorpioides and S. teres). No indications of a lake phase were 
evident in the plant macrofossil record or the lithology, excluding terrestrialization as the 
driving force. Peatlands may have formed through paludification, starting in lower-lying 
terrain, later expanding into the sampling areas. Some wood fragments and peridermis indicated 
dry conditions nearby, but not at the actual sampling sites since no roots from shrub vegetation 
were present. Furthermore, wood remains occurred throughout the profiles, even during clearly 
wet conditions at the sampling sites.  
Based on the macrofossil data, with a dominance of wet growing fen species in the initial 
phase directly on fine-grained soils, we suggest that the main peat forming process was primary 
peatland formation. However, this can be questioned by long time gaps (1000–3500 years) 
between estimated deglaciation ages and peatland development. In other Fennoscandian 
studies, peatland formation is dated to directly or soon after deglaciation (e.g. Kokfelt et al., 
2010; Oksanen, 2006; Seppä and Birks, 2001; Seppälä, 2005). Possibly, the deglaciation and/or 
the emergence ages for our study sites could be reconsidered since they were estimated based 
on regional reconstructions (Corner et al., 1999; Stroeven et al., 2016). A later deglaciation 
could be explained by local factors, such as geomorphology, allowing preservation of dead ice. 
For the coastal sites, shore displacement can vary on a regional or even on a rather local scale. 
The emergence ages are based on a study from the Norwegian-Russian border, approximately 
80 and 200 km east of Karlebotn and Lakselv respectively (Corner et al., 1999), and are 
therefore roughly estimated.  
Peatland development 
After peatland initiation, wet fen environments prevailed at all four study sites throughout most 
of the Holocene, evident by the dominance of brown mosses, minerotrophic Sphagnum species 
and herbaceous plants (mainly Cyperaceae) in the plant macrofossil record. Variations in the 
moss assemblages were probably induced by differences in hydrology, pH and nutrient supply, 
however not indicative of major alterations, but rather a gradual change from mineral and 
nutrient rich wet fens to more rich to intermediate wet fens during the later Holocene.  
Suossjavri and Iskoras experienced relatively high peat and net carbon accumulation rates 
immediately after peatland inception until around 7800–6800 cal. yr BP. This could be 
explained by warm and moist early Holocene conditions during that time favouring plant 
productivity (Ruppel et al., 2013; Weckström et al., 2010). A possible explanation for the 
following decrease in accumulation rates could be Neoglacial cooling after the HTM (Loisel et 
al., 2014). In total, the fen stage persisted for more than 8000–9000 years in Suossjavri and 
Iskoras and 4000–6000 years in Karlebotn and Lakselv, before a shift took place towards dry 
peat bog conditions.  
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Permafrost aggradation 
Due to cooler conditions, permafrost eventually developed in the peatlands in Finnmark. In the 
studied peat profiles, permafrost aggradation was evident by a shift in the macrofossil 
assemblages towards plants indicating drier surface conditions, such as S. fuscum, Dicranum 
sp., B. nana and ericaceous shrubs, as well as an increased decomposition level due to oxygen 
availability. Dry conditions were also suggested by the decrease in carbon accumulation rate in 
Karlebotn and the decrease in nitrogen in Suossjavri, Karlebotn and Lakselv, also indicative of 
permafrost (Treat et al., 2016).   
Previous studies suggest that most palsas and peat plateaus in northern Fennoscandia 
formed around 800–100 cal. yr BP (Kokfelt et al., 2010; Oksanen, 2006; Sannel et al., 2017; 
Seppälä, 2005; Vorren, 1972, 1979; Zuidhoff and Kolstrup, 2000), as a result of climate cooling 
around 850 cal. yr BP at the onset of the Little Ice Age (Grudd et al., 2002). Earlier periods of 
permafrost aggradation may be correlated to periods of climatic cooling during the late 
Subboreal to early Subatlantic (3400–1800 cal. yr BP) transition (e.g. Oksanen et al., 2003; 
Åhman, 1977). The oldest preserved palsas in northern Fennoscandia are suggested to date back 
to ca. 2500 cal. yr BP (Oksanen, 2006), and located in Vaisjeäggi halfway between Iskoras and 
Karlebotn. In our four dated profiles, the shift to permafrost bog peat was dated to between ca. 
950–100 cal. yr BP. These ages are comparable to previous studies from Finnmark (Vorren, 
1972, 1979; Åhman, 1977) and fit well with the general trend in northern Fennoscandia (e.g. 
Kokfelt et al., 2010; Oksanen, 2006; Sannel et al., 2017) (Table 4).   
In Karlebotn, permafrost aggradation was dated to around 950 cal. yr BP and in Iskoras to 
ca. 800 cal. yr BP, the latter possibly correlated to the onset of the Little Ice Age (Grudd et al., 
2002). Permafrost aggradation was later in Lakselv and Suossjavri, dated to around 150 and 
100 cal. yr BP, respectively. In both these profiles, a high degree of decomposition complicated 
identification of plant material representing the transition from wet fen to dry bog peat, and 
restricted the depths possible to date. These ages therefore represent minimum ages for 
permafrost aggradation.  
Potentially, there was an earlier phase of permafrost in Karlebotn, as indicated by the 
dominance of S. fuscum suggesting drier surface conditions, and disappearance of brown 
mosses and Cyperaceae already around 2200 cal. yr BP. This age is comparable to other studies, 
suggesting permafrost aggradation during the cool late Subboreal to early Subatlantic transition 
(Kokfelt et al., 2010; Oksanen, 2006; Åhman, 1977). However, this pattern was not evident at 
any of the other sites, and occurrence of S. fuscum does not necessarily imply permafrost 
conditions. Furthermore, no species indicative of palsa collapse (e.g. S. riparium) were 
encountered, and no signs of perturbation caused by the proposed frost heave were evident 
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Table 4. Peatland inception ages and permafrost aggradation ages for palsas and peat plateaus 
in northern Fennoscandia. Calibrated ages are mean ages within the 95.4% confidence 
intervals. 
Carbon and nitrogen content, C/N ratio and carbon accumulation 
Due to the accumulation of partly degraded organic matter, northern peatlands have acted as 
long-term net carbon sinks since their initiation in the early Holocene (Loisel et al., 2014; 
MacDonald et al., 2006; Yu et al., 2010). Different vegetation types contribute to different peat 
carbon content, so that the net carbon content partly reflects changes in botanical composition 
(Loisel et al., 2014; Treat et al., 2016). In the studied profiles from Finnmark, the mean carbon 
content was 47% (averages ranging from 37% to 50%). This is comparable to mean carbon 
values between 42–51% for northern circumpolar peatlands, reported by Loisel et al. (2014) 
and Treat et al. (2016). Lower mean carbon content in Lakselv (37%) could be explained by 
higher minerogenic influence at that site, also evident by the higher bulk density in the peat 
profile. The lowest organic matter content was recorded around 4000 cal. yr BP, coinciding 
with the end of the HTM. Also in Iskoras, the organic matter and carbon content decreased 
Locationa Latitude Longitude Peatland  










(cal. yr BP) 
Referenceb 
FærdesmyraN ··· ···       ···   ···   530 ± 70 563 [10] 
IskorasN 69º20’N  25º17’E   8203 ± 87   9183   884 ± 29 810 [1] 
KarlebotnN 70º7’N  28º28’E   4504 ± 33   5165 1042 ± 24 952 [1] 
KarlebotnN ··· ···       ···   ···     ca. 2450 ca. 2550* [8] 
LaivadalenS 66º6'N  15º30'E   8150 ± 80   9114   105 ± 65 140 [5] 
LakselvN 70º7’N  24º59’E   5364 ± 88   6137   131 ± 30 141 [1] 
MorssajæggeN ··· ···       ···   ···     310 ± 110 329 [7] 
NeidenN ··· ···       ···   ···     400–250   430–270* [10] 
PeerajärviF ··· ···       ···   ··· 1010 ± 80 919 [9] 
RåggastatjæggiN ··· ···       ···   ···   110 ± 70 143 [9] 
SopnesmyraN ··· ···       ···   ···     840 ± 120 790 [7] 
Stordalen (Core I) S 68º21’N  18º50’E       ···   ···   170 ± 45  156 [6] 
Stordalen (Core II) S 68º21’N  18º50’E       ···   ···   900 ± 50  824 [6] 
Stordalen (Core III) S 68º21’N  18º50’E       ···   ···   340 ± 60 394 [6] 
StordalenS 68º21’N  19º3’E   4120 ± 50   4662     ···  ca. 2650, 700–120** [3] 
SuossjavriN 69º23’N  24º15’E   8746 ± 84   9787     66 ± 28 118 [1] 
Tavvavuoma (Alvi) S 68°27’N 20°54’E   8740 ± 70   9759   317 ± 55 382 [2] 
Tavvavuoma (Dávva) S 68°27’N  20°54’E   5189 ± 86   5963 –267 ± 62 12 [2] 
Tavvavuoma (Gollo) S 68°24’N  20°41’E   8670 ± 50   9633     278 ± 114 294 [2] 
Tavvavuoma (Riba) S 68°28’N  21°0’E >8050 ± 50 >8919   144 ± 28 147 [2] 
Tavvavuoma (Silki) S 68°27’N  20°54’E   8660 ± 50   9625   151 ± 45 148 [2] 
Tavvavuoma (Tav T2) S 68°27’N  20°54’E   8860 ± 50   9975   115 ± 35 136 [2] 
Vaisjeäggi (VA1) F 69°49’N  27°10’E     8240 ± 120   9213 2460 ± 75 2540 [4] 
Vaisjeäggi (VA2) F 69°49’N  27°10’E   6090 ± 70   6973   645 ± 50 610 [4] 
Vaisjeäggi (VA3) F 69°49’N  27°10’E   6780 ± 80   7636     ··· ··· [4] 
Vaisjeäggi (VA4) F 69°49’N  27°10’E   5210 ± 60   5993     ··· ··· [4] 
VarangerbotnN ··· ···       ···   ···     ca. 2900 ca. 3050* [8] 
VarangerbotnN ··· ···       ··· ··· 470 ± 130 473 [7] 
a F Finland, N Norway, S Sweden. 
b [1] This study, [2] Sannel et al. (2017), [3] Kokfelt et al. (2010), [4] Oksanen (2006), [5] Zuidhoff and Kolstrup (2000), [6] 
Malmer and Wallén (1996), [7] Vorren (1979), [8] Åhman (1977), [9] Vorren and Vorren (1976), [10] Vorren (1972). 
* Roughly estimated since the radiocarbon ages are extrapolated values and uncertainty intervals are missing.  
** Possibly two phases of permafrost aggradation. Values for the older phase and the maximum age of the younger period are 
interpolated using the age-depth model from the adjacent Lake Inre Harrsjön, based on biogeochemical signals in the lake 
sediments indicative of permafrost in nearby areas. The minimum permafrost aggradation age is interpolated using the age-depth 
model for the Stordalen peat sequence. 
···  No data. 
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around 5400–3500 cal. yr BP, possibly because of local deposition of fine minerogenic material 
due to dry conditions during the HTM. This would hamper vegetation growth on the slopes in 
the area, resulting in more wind-transported minerogenic particles ending up on the mire. 
Another possible explanation could be streams flowing through the peatlands, carrying 
minerogenic material. A stream carrying dissolved nutrients could also possibly explain the 
increase in nitrogen in Iskoras. The minerogenic influence appears to be lower in Suossjavri 
and Karlebotn, where the peatlands cover larger areas and there is less exposed bedrock and 
minerogenic soils in close vicinity. 
The mean nitrogen content was 1.9% at all sites (averages ranging from 0.7% to 3.0%). 
This fits well with the average value of 1.9% for fen peat in the northern permafrost zone (Treat 
et al., 2016), since all profiles consist mainly of fen peat accumulated in non-permafrost 
environments. Treat et al. (2016) propose that low nitrogen content can be used to identify peat 
affected by permafrost. By comparing permafrost peat to non-permafrost peat, they find that 
the nitrogen content is significantly lower in boreal permafrost peat than in permafrost-free 
bogs (0.9% compared to 1.6%), for peat with similar botanical composition. This pattern is also 
evident in Suossjavri, Karlebotn and Lakselv, where the nitrogen values were lower (0.9–1.3%) 
in the surface peat.  
For circumpolar boreal peatlands, Treat et al. (2016) report a mean C/N ratio of 29±14 for 
fen peat and 37±19 for bog peat. The mean value for permafrost peat in boreal regions is 
significantly higher, 67±33 (Treat et al., 2016). High C/N values are suggested to reflect the 
decreased decay during permafrost conditions (Sannel and Kuhry, 2009; Treat et al., 2016; 
Vardy et al., 2000). At the four sites in Finnmark, the mean C/N ratio was 27±8.3, reflecting 
the long-term dominance by fen vegetation. Increasing C/N values in the uppermost permafrost 
bog peat in Suossjavri, Karlebotn and Lakselv from ca. 1000 cal. yr BP fit well with the 
interpretation of permafrost aggradation during the last millennium. Also the isotopic nitrogen 
values are suggested to be useful indicators of permafrost aggradation, since aeration during 
frost heave causes a change in nitrogen source (Krüger et al., 2017). By comparing the 
relationship between C/N ratio and δ15N, as suggested by Krüger et al. (2017), perturbation 
indicating permafrost aggradation was evident in the uppermost peat in Iskoras, Karlebotn, 
Lakselv and possibly in Suossjavri. However, in our study, this new method was considered a 
complement rather than a substitute to plant macrofossil analysis, since the signals from the 
two records were not always coherent. In Karlebotn, a possible earlier permafrost phase was 
not evident in the C/N record, and in Iskoras perturbation was suggested further down by the 
C/N values than according to the plant macrofossils. This probably represented autogenic 
peatland succession and/or post-depositional processes rather than an early permafrost 
aggradation. Perturbed samples further down in the Iskoras peat profile coincided with depths 
with lower organic matter content, probably reflecting mineral influence affecting the nitrogen 
source. Also the lowermost samples in Iskoras and Karlebotn appeared slightly perturbed, 
reflecting disturbance at the mineral to peat boundary.  
Our study reports a mean long-term carbon accumulation rate of 12.3±4.1 gC m–2 yr–1. This 
fits well with the general Holocene trend for boreal and subarctic peatlands in northern 
Fennoscandia, with values between 12–16 gC m–2 yr–1 (Klarqvist et al., 2001; Mäkilä and 
Moisanen, 2007; Oksanen, 2006; Sannel et al., 2017). Permafrost-free fens show higher rates 
(23 gC m–2 yr–1) compared to boreal permafrost peatlands (14 gC m–2 yr–1) (Treat et al., 2016), 
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explaining the higher accumulation rates during the early peatland stages. This pattern fits well 
with the trend of higher carbon accumulation during moist and warm early Holocene, followed 
by lower rates during the Neoglacial period (Loisel et al., 2014). 
Significance for the carbon–climate feedback 
The permafrost peatlands in Finnmark have acted as long-term carbon sinks throughout the 
Holocene due to carbon sequestration through photosynthesis. In the early Holocene, CH4 
emissions may have been higher than today, since wet fens are associated with higher methane 
fluxes than permafrost bogs, due to anaerobic decomposition (Hodgkins et al., 2014; Olefeldt 
et al., 2013). After permafrost aggradation, greenhouse gas emissions are expected to be low 
because of the changed hydrological conditions and the frozen state of the soil organic carbon. 
Under future warmer climatic conditions, carbon that has been stored in the permafrost since 
the Little Ice Age may be released to the atmosphere as a result of active layer deepening. Also, 
if dry permafrost bogs are replaced by wet fens through thermokarst, increased emissions of 
CH4 can be expected (Hodgkins et al., 2014; Olefeldt et al., 2013; Schuur et al., 2008). These 
processes are part of the carbon-climate feedback and can accelerate permafrost degradation 
further by increasing surface temperatures. More studies are needed to gain better 
understanding of the interactions between permafrost, surface hydrology and climate, in order 
to predict the lability of the soil organic carbon stored in subarctic peatlands.   
Conclusions 
This study provides new insights into Holocene development and permafrost dynamics in 
northern Norwegian peatlands. Detailed analyses of peat profiles at four study sites indicate 
that: 
 Peatland development started around 9800 cal. yr BP, possibly as a result of primary 
peatland formation. Peatland formation could start earlier in the continental parts of 
Finnmark (ca. 9800–9200 cal. yr BP), than closer to sea level (ca. 6150–5150 cal. yr 
BP) since coastal areas remained below sea level for several thousand years after 
deglaciation.    
 The peatlands formed and developed as wet fens and remained permafrost-free during 
most of the Holocene.  
 Permafrost aggradation during the last millennium (ca. 950–100 cal. yr BP) could have 
been caused by cooler climatic conditions that characterized the Little Ice Age.  
 Possibly, there was an earlier period of permafrost in Karlebotn ca. 2200 cal. yr BP, 
indicated by the presence of S. fuscum. This could be connected to cool conditions 
during the late Subboreal to early Subatlantic transition.    
 The long-term Holocene net carbon accumulation rate was 12.3±4.1 gC m–2 y–1 and the 
mean soil organic carbon storage was 97±46 kgC m–2. 
 In a future warmer climate, emissions of CO2 and CH4 can increase if the permafrost 
thaws and previously frozen organic matter becomes available for decay. As a result, 
the peatlands in Finnmark may at least in the short-term shift from being net carbon 
sinks to net carbon sources. 
 
 
  17 
 
Acknowledgements. This study was supported by COUP (JPI Climate, Research Council of 
Norway, no. 244903/E10), the Department of Geosciences, University of Oslo and the 
PERMANOR project (Research Council of Norway, no. 255331). Funding was also provided 
by the Bolin Centre for Climate Research (Research Area 3: Hydrosphere, cryosphere and 
climate and Research Area 5: Historical to millennial climate variability) and the Swedish 
Research Council Formas (no. 214–2014-562). C/N analysis was performed at the SILVER 
facility, the Stable Isotope Laboratory for Environmental Research, University of Vienna, 
Austria. Two anonymous reviewers and the editor provided helpful comments that improved 
the manuscript. We would also like to thank Dr Jaroslav Obu and Prof. Terje Koren Berntsen 
(University of Oslo) for assistance during field sampling, Dr Lars Hedenäs (The Swedish 
Museum of Natural History) for valuable assistance with identification of mosses and Ass. Prof. 
Minna Väliranta (University of Helsinki) for help with identification of seeds.  
Supplementary information 
Supplementary information is found online and data is available at 
http://bolin.su.se/data/Kjellman-2018.   
References 
Åhman R (1977) Palsar i Nordnorge: en studie av palsars morfologi, utbredning och klimatiska 
förutsättningar i Finnmarks och Troms fylke. Meddelanden från Lunds Geografiska 
institution. Avhandlingar 78. 
Aune B (1993) Temperaturnormaler, normalperiode 1961-1990. DNMI KLIMA Report no. 
02/93, Norwegian Meteorological Institute, Oslo, Norway. 
Birks HH (2007) Plant macrofossil introduction. In: Elias SA (ed) Encyclopedia of Quaternary 
Science. Vol. 3. Amsterdam: Elsevier, pp. 2266–2288.  
Blaauw M and Christen JA (2011) Flexible paleoclimate age-depth models using an 
autoregressive gamma process. Bayesian analysis 6(3): 457–474. 
Blaauw M, van der Plicht J and van Geel B (2004) Radiocarbon dating of bulk peat samples 
from raised bogs: non-existence of a previously reported ‘reservoir effect’? Quaternary 
Science Reviews 23(14): 1537–1542. 
Borge AF, Westermann S, Solheim I et al. (2017) Strong degradation of palsas and peat plateaus 
in northern Norway during the last 60 years. The Cryosphere 11(1): 1–16. 
Bronk Ramsey C (2009) Bayesian analysis of radiocarbon dates. Radiocarbon 51(1): 337–360. 
Bronk Ramsey C (2013) OxCal version 4.2.4. University of Oxford Radiocarbon Accelerator 
Unit, UK. Computer program, available at: https://c14.arch.ox.aca.uk/oxcal.html.  
Brown J, Ferrians OJ Jr., Heginbottom JA et al. (1997) Circum-Arctic map of permafrost and 
ground ice conditions. Scale 1:10,000,000. Washington DC: US Geological Survey. 
Cappers RT, Bekker RM and Jans JE (2012) Digitale Zadenatlas van Nederland/Digital seed 
atlas of the Netherlands. 2nd edition. Groningen: Barkhuis. 
Christiansen HH, Etzelmüller B, Isaksen K et al. (2010) The thermal state of permafrost in the 
Nordic area during the International Polar Year 2007–2009. Permafrost and Periglacial 
 
 
  18 
 
Processes 21(2): 156–181.  
Collins M, Knutti R, Arblaster J et al. (2013) Long-term climate change: projections, com-
mitments and irreversibility. In: Stocker TF, Qin D, Plattner G-K et al. (eds) Climate 
Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge: 
Cambridge University Press, 1031–1136. 
Conen F, Yakutin MV, Carle N et al. (2013) δ15N natural abundance may directly disclose 
perturbed soil when related to C:N ratio. Rapid communications in mass 
spectrometry 27(10), 1101–1104. 
Corner GD, Yevzerov VY, Kolka VV et al. (1999) Isolation basin stratigraphy and Holocene 
relative sea-level change at the Norwegian–Russian border north of Nikel, northwest 
Russia. Boreas 28(1): 146–166. 
Farbrot H, Isaksen K, Etzelmüller B et al. (2013) Ground thermal regime and permafrost 
distribution under a changing climate in northern Norway. Permafrost and Periglacial 
Processes 24(1): 20–38. 
Fronzek S, Luoto M and Carter TR (2006) Potential effect of climate change on the distribution 
of palsa mires in subarctic Fennoscandia. Climate Research 32(1): 1–12.  
Gisnås K, Etzelmüller B, Lussana C et al. (2017) Permafrost map for Norway, Sweden and 
Finland. Permafrost and Periglacial Processes 28(2): 359–378. 
Gorham E (1991) Northern peatlands: role in the carbon cycle and probable responses to global 
warming. Ecological Applications 1(2), 182–195. 
Grudd H, Briffa KR, Karlén W et al. (2002) A 7400-year tree-ring chronology in northern 
Swedish Lapland: natural climatic variability expressed on annual to millennial 
timescales. The Holocene 12(6): 657–665. 
Hallingbäck T, Lönnell N, Weibull H et al. (2008a) Nationalnyckeln till Sveriges flora och 
fauna. Bladmossor: Kompaktmossor–kapmossor. Bryophyta: Anoectangium–
Orthodontium. Uppsala: ArtDatabanken, SLU. 
Hallingbäck T, Lönnell N, Weibull H et al. (2008b) Nationalnyckeln till Sveriges flora och 
fauna. Bladmossor: Sköldmossor–blåmossor. Bryophyta: Buxbaumia–Leucobryum. 
Uppsala: ArtDatabanken, SLU. 
Hedenäs L (2003) The European species of the Calliergon-Scorpidium-Drepanocladus 
complex, including some related or similar species. Meylania 28, 1–116. 
Hedenäs L, Reisborg C and Hallingbäck T (2014) Nationalnyckeln till Sveriges flora och fauna. 
Bladmossor: Skirmossor–baronmossor. Bryophyta: Hookeria–Anomodon. Uppsala: 
ArtDatabanken, SLU. 
Hodgkins SB, Tfaily MM, McCalley CK et al. (2014) Changes in peat chemistry associated 
with permafrost thaw increase greenhouse gas production. Proceedings of the National 
Academy of Sciences 111(16): 5819–5824. 
Hofgaard A and Myklebost HE (2012) Overvåking av palsmyr. Første gjenanalyse i 
Goahteluoppal, Vest-Finnmark. Endringer fra 2006 til 2011. NINA Report 841, 
Norwegian institute for nature research (NINA), Trondheim, Norway.  
Hofgaard A and Myklebost HE (2014) Overvåking av palsmyr. Første gjenanalyse i 
Ferdesmyra, Øst-Finnmark. Endringer fra 2008 til 2013. NINA Report 1035, 
Norwegian institute for nature research (NINA), Trondheim, Norway. 
 
 
  19 
 
Holmquist JR, Finkelstein SA, Garneau M et al. (2016) A comparison of radiocarbon ages 
derived from bulk peat and selected plant macrofossils in basal peat cores from circum-
arctic peatlands. Quaternary Geochronology 31: 53–61. 
Hugelius G, Strauss J, Zubrzycki S et al. (2014) Estimated stocks of circumpolar permafrost 
carbon with quantified uncertainty ranges and identified data gaps. Biogeosciences 11: 
6573–6593. 
Johansson M, Åkerman J, Keuper F et al. (2011) Past and present permafrost temperatures in 
the Abisko area: Redrilling of boreholes. Ambio 40(6): 558–565. 
Juggins S (2011) C2 Version 1.7. Software for ecological and palaeoecological data analysis 
and visualisation. Newcastle University, UK. Computer program, available at: 
https://www.staff.ncl.aca.uk/stephen.juggins/software/C2Home.htm.  
Klarqvist M, Bolin E and Nilsson M (2001) Long-term decline in apparent peat accumulation 
in boreal mires in northern Sweden. In: Klarqvist M (ed) Peat Growth and Carbon 
Accumulation Rates during the Holocene in Boreal Mires. Uppsala: Acta Universitatis 
Agriculturae Sueciae, Silvestria 203, pp. 1–22.  
Kokfelt U, Reuss N, Struyf E et al. (2010) Wetland development, permafrost history and 
nutrient cycling inferred from late Holocene peat and lake sediment records in subarctic 
Sweden. Journal of Paleolimnology 44(1): 327–342. 
Korhola A, Ruppel M, Seppä H et al. (2010) The importance of northern peatland expansion to 
the late-Holocene rise of atmospheric methane. Quaternary Science Reviews 29(5): 611–
617. 
Krüger JP, Conen F, Leifeld J et al. (2017) Palsa uplift identified by stable isotope depth profiles 
and relation of δ15N to C/N ratio. Permafrost and Periglacial Processes 28(2): 485–492. 
Kuhry P and Turunen J (2006) The postglacial development of boreal and subarctic peatlands. 
In: Wieder RK and Vitt DH (eds) Boreal peatland ecosystems. Berlin: Springer Berlin 
Heidelberg, pp. 25–46. 
Laine J, Harju P, Timonen T et al. (2011) The Intricate Beauty of Sphagnum Mosses - a Finnish 
Guide to Identification. Helsinki: University of Helsinki, Department of Forest Ecology. 
Landwehr J (1984) Nieuwe atlas Nederlandse bladmossen. Zutphen: Thieme. 
Larsson A (2016) Holocene carbon and nitrogen accumulation rates and contemporary carbon 
export in discharge. Licentiate thesis, Swedish University of Agricultural Sciences, 
Sweden. 
Loisel J, Yu Z, Beilman DW et al. (2014) A database and synthesis of northern peatland soil 
properties and Holocene carbon and nitrogen accumulation. The Holocene 24(9): 1028–
1042. 
Luoto M, Fronzek S and Zuidhoff FS (2004) Spatial modelling of palsa mires in relation to 
climate in northern Europe. Earth Surface Processes and Landforms 29(11): 1373–1387. 
MacDonald GM, Beilman DW, Kremenetski KV et al. (2006) Rapid early development of 
circumarctic peatlands and atmospheric CH4 and CO2 variations. Science 314(5797): 
285–288. 
Malmer N and Wallén B (1996) Peat formation and mass balance in subarctic ombrotrophic 
peatland around Abisko, northern Scandinavia. Ecological Bulletins 45: 79–92. 
Mauquoy D and van Geel B (2007) Mire and peat macros. In: Elias SA (ed) Encyclopedia of 
quaternary science. Vol. 3. Amsterdam: Elsevier, pp. 2315–2336.  
 
 
  20 
 
Meier KD, Thannheiser D, Wehberg J et al. (2005) Soils and nutrients in northern mountain 
birch forests: A case study from Finnmarksvidda, northern Norway. In: Wielgolaski FE, 
Karlsson PS, Neuvonen S et al. (eds) Plant ecology, herbivory, and human impact in 
Nordic mountain birch forests. Berlin: Springer, pp. 19–33. 
MET (2017) eKlima. Available at: http://sharki.oslo.dnmi.no/portal/page?_pageid=73,39035, 
73_39049&_dad=portal&_schema=PORTAL (accessed 16 February 2017). 
Mossberg B and Stenberg L (1992) Den nordiska floran. Stockholm: Wahlström and 
Widstrand. 
Mäkilä M and Moisanen M (2007) Holocene lateral expansion and carbon accumulation of 
Luovuoma, a northern fen in Finnish Lapland. Boreas 36(2): 198–210. 
Nelson FE, Anisimov OA and Shiklomanov NI (2001) Subsidence risk from thawing 
permafrost. Nature 410(6831): 889–890. 
NGU – Geological Survey of Norway (2018) Løsmasser. Nasjonal løsmassedatabase. 
Quaternary deposit map. Available at: http://geo.ngu.no/kart/losmasse/ (accessed 17 
January 2018). 
norgeibilder.no (2017) Available at: http://www.norgeibilder.no (accessed 11 September 
2017). 
Nyholm E (1975a) Illustrated moss flora of Fennoscandia II. Musci, Fasca. 5. Swedish Natural 
Science Research Council. Kungälv: Gotab. 
Nyholm E (1975b) Illustrated moss flora of Fennoscandia II. Musci, Fasca. 6. Swedish Natural 
Science Research Council. Kungälv: Gotab. 
Oksanen PO (2006) Holocene development of the Vaisjeäggi palsa mire, Finnish Lapland. 
Boreas 35(1): 81–95. 
Oksanen PO and Väliranta M (2006) Palsa mires in a changing climate. Suo 57(2): 33–43. 
Oksanen PO, Kuhry P and Alekseeva RN (2001) Holocene development of the Rogovaya river 
peat plateau, European Russian Arctica. The Holocene 11(1): 25–40. 
Oksanen PO, Kuhry P and Alekseeva RN (2003) Holocene development and permafrost history 
of the Usinsk mire, northeast European Russia. Géographie physique et Quaternaire 
57(2–3): 169–187. 
Olefeldt D, Turetsky MR, Crill PM et al. (2013) Environmental and physical controls on 
northern terrestrial methane emissions across permafrost zones. Global Change 
Biology 19(2): 589–603. 
Parviainen M and Luoto M (2007) Climate envelopes of mire complex types in 
Fennoscandia. Geografiska Annaler: Series A, Physical Geography 89(2): 137–151. 
R Core Team (2017) R: A language and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria. Computer program, available at: 
https://www.R-project.org/. 
Reimer PJ, Bard E, Bayliss A et al. (2013) IntCal13 and Marine13 Radiocarbon Age Calibration 
Curves 0-50,000 Years cal BP. Radiocarbon 55(4): 1869–1887. 
Ruppel M, Väliranta M, Virtanen T and Korhola A (2013) Postglacial spatiotemporal peatland 
initiation and lateral expansion dynamics in North America and northern Europe. The 
Holocene 23(11): 1596–1606. 
Sannel ABK and Kuhry P (2008) Long-term stability of permafrost in subarctic peat plateaus, 
west-central Canada. The Holocene 18(4): 589–601.  
 
 
  21 
 
Sannel ABK and Kuhry P (2009) Holocene peat growth and decay dynamics in sub‐arctic peat 
plateaus, west‐central Canada. Boreas 38(1): 13–24. 
Sannel ABK and Kuhry P (2011) Warming-induced destabilization of peat plateau/ thermokarst 
lake complexes. Journal of Geophysical Research: Biogeosciences 116: G03035. 
Sannel ABK, Hempel L, Kessler A et al. (2017) Holocene development and permafrost history 
in sub‐arctic peatlands in Tavvavuoma, northern Sweden. Boreas. DOI: 
10.1111/bor.12276. 
Schaefer K, Lantuit H, Romanovsky VE et al. (2014) The impact of the permafrost carbon 
feedback on global climate. Environmental Research Letters 9(8): 085003. 
Schuur EA, Bockheim J, Canadell JG et al. (2008) Vulnerability of permafrost carbon to climate 
change: Implications for the global carbon cycle. BioScience 58(8): 701–714. 
seNorge.no (2016) Klima. Available at: http://www.senorge.no/?p=klima (accessed 10 October 
2016). 
Seppä H and Birks HJB (2001) July mean temperature and annual precipitation trends during 
the Holocene in the Fennoscandian tree-line area: pollen-based climate 
reconstructions. The Holocene 11(5): 527–539. 
Seppälä M (1988) Palsas and related forms. In: Clark MJ (ed) Advances in periglacial 
geomorphology. Chichester: John Wiley, pp. 247–278.   
Seppälä M (2005) Dating of palsas. Quaternary studies in the northern and Arctic regions of 
Finland: Proceedings of the workshop organized within the Finnish National Committee 
for Quaternary Research (INQUA), Special Paper 40 (ed AEK Ojala), Kilpisjärvi 
Biological Research Station, Finland, 13–14 January 2005, pp. 79–84. Espoo: Geological 
survey of Finland. 
Sollid JL and Sørbel L (1998) Palsa bogs as a climate indicator: examples from Dovrefjell, 
southern Norway. Ambio: 287–291. 
Sollid JL, Andersen S, Hamre N et al. (1973) Deglaciation of Finnmark, North Norway. Norsk 
Geografisk Tidsskrift - Norwegian Journal of Geography 27(4): 233–325. 
Stokes CR, Corner GD, Winsborrow MC et al. (2014) Asynchronous response of marine-
terminating outlet glaciers during deglaciation of the Fennoscandian Ice 
Sheet. Geology 42(5): 455–458. (GSA Data Repository 2014159). 
Stroeven AP, Hättestrand C, Kleman J et al. (2016) Deglaciation of Fennoscandia. Quaternary 
Science Reviews 147: 91–121. 
Tarnocai C, Canadell JG, Schuur EAG et al. (2009) Soil organic carbon pools in the northern 
circumpolar permafrost region. Global biogeochemical cycles 23(2): GB2023. 
Tolonen K and Turunen J (1996) Accumulation rates of carbon in mires in Finland and 
implications for climate change. The Holocene 6(2): 171–178. 
Treat CC, Jones MC, Camill P et al. (2016) Effects of permafrost aggradation on peat properties 
as determined from a pan-Arctic synthesis of plant macrofossils. Journal of Geophysical 
Research: Biogeosciences 121(1): 78–94. 
Vardy SR, Warner BG, Turunen J et al. (2000) Carbon accumulation in permafrost peatlands 
in the Northwest Territories and Nunavut, Canada. The Holocene 10(2): 273–280. 
Virtanen R, Oksanen L, Oksanen T et al. (2016) Where do the treeless tundra areas of northern 
highlands fit in the global biome system: toward an ecologically natural subdivision of 
the tundra biome. Ecology and evolution 6(1): 143–158. 
 
 
  22 
 
Vorren K-D (1972) Stratigraphical investigations of a palsa bog in northern Norway. Astarte 
5(1–2): 39–71. 
Vorren K-D (1979) Recent palsa datings, a brief survey. Norsk Geografisk Tidsskrift - 
Norwegian Journal of Geography 33(4): 217–219. 
Vorren K-D and Vorren B (1976) The problem of dating a palsa: Two attempts involving pollen 
diagrams, determination of moss subfossils, and C14-datings. Astarte 8: 73–81. 
Weckström J, Seppä H and Korhola A (2010) Climatic influence on peatland formation and 
lateral expansion in sub-arctic Fennoscandia. Boreas 39(4): 761–769. 
Yu Z, Loisel J, Brosseau DP et al. (2010) Global peatland dynamics since the Last Glacial 
Maximum. Geophysical Research Letters 37(13): L13402. 
Zuidhoff FS and Kolstrup E (2000) Changes in palsa distribution in relation to climate change 
in Laivadalen, northern Sweden, especially 1960–1997. Permafrost and Periglacial 
Processes 11(1): 55–69. 
 
 
  23 
 
 
Fig. 1. (A) Map showing circumarctic permafrost distribution (adapted from Brown et al., 
1997) and location of Finnmark. (B) Finnmark with the four study sites and meteorological 
stations (BA = Banak, CU = Cuovddatmohkki, IS = Iskoras II, KA = Karasjok, MA = Maze, 
VB = Varangerbotn and VL = Vardø lufthavn). Peat plateau and palsa presence map adapted 
from Borge et al. (2017). (C)–(F) The four study sites and sampling locations. Aerial images 
from 2011 (C and D) and 2008 (E and F) (norgeibilder.no, 2017). 
 
 




Fig. 2. Age-depth models for Suossjavri, Iskoras, Karlebotn and Lakselv, showing calibrated 
radiocarbon dates (coloured symbols) and age-depth curves (darker grey indicating more 
likely calendar ages). Coloured dotted lines show the best models based on the mean age for 









Fig. 3. Plant macrofossil diagrams for (A) Suossjavri, (B) Iskoras, (C) Karlebotn and (D) 
Lakselv. Degree of decomposition is expressed on a scale 1–5 (line), and distributions of 
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Fig. 3. Continued. 
 
 




Fig. 4. Geochemical data for (A) Suossjavri, (B) Iskoras, (C) Karlebotn and (D) Lakselv. 
Bulk density (BD g cm–3), organic matter content (OM %), carbon content (C %), isotopic 
carbon signal (δ13C ‰), nitrogen content (N %), isotopic nitrogen signal (δ15N ‰), carbon-to-
nitrogen ratio (C/N) and carbon accumulation rates (gC m–2 y–1).  
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Fig. 5. (A) Correlation between δ15N values and C/N ratio for the four study sites. Samples 
are classified into unperturbed (within uncertainty envelope; dotted lines, ±2.4‰) or 
perturbed (outside uncertainty envelope), based on the relationship given by Conen et al. 
(2013). Closed symbols represent unperturbed samples, dashed symbols range 2.4–3.2‰ 
from the regression function and open symbols indicate perturbed samples. (B) δ15N depth 
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Supplementary figure. Maps and photos of the four study sites in Finnmark, northern Norway. 
(A)–(B) Suossjavri (69º23’2”N, 24º15’27”E), (C)–(D) Iskoras (69º20’27”N, 25º17’40”E), 
(E)-(F) Karlebotn (70º7’14”N, 28º28’30”E) and (G)–(H) Lakselv (70º7’15”N, 24º59’47”E). 
Photo: Jaroslav Obu. 
